We demonstrate quantum walks of correlated photons in a 2D network of directly laser written waveguides coupled in a 'swiss cross' arrangement. The correlated detection events show highvisibility quantum interference and unique composite behaviour: strong correlation and independence of the quantum walkers, between and within the planes of the cross. Violations of a classically defined inequality, for photons injected in the same plane and in orthogonal planes, reveal non-classical behaviour in a non-planar structure.
Quantum walks (QWs) are an illustrative example for the indeterminism inherent to quantum mechanics [1] . They are used to model a variety of processes ranging from excitation transfer across spin chains [2, 3] to energy transport in photosynthetic complexes [4] . They enable studying large scale quantum interference [5] and their simulation on a quantum computer provides a route to universal quantum computing [6] . One-dimensional (1D) networks provide a conceptually straight-forward and readily implementable way of realising QWs and highlighting their distinct differences from their classical counterparts, random walks.
There is now a plethora of single particle QW implementations across different platforms [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , however the dynamics of single particle QWs can be described in the context of classical wave theory [18] . QWs of multiple indistinguishable particles, on the other hand, have been shown to exhibit non-classical correlations. In general, they cannot be described by considering separately the quantum state of each particle and their features cannot be mimicked with classical light without limiting the visibility of observed quantum interference [19] or the introduction of an increasing number of experiments [20] [21] [22] . Furthermore, the Hilbert space that describes multi-particle QWs grows exponentially with the linear increase in particle number and network size and it has been shown that the introduction of multiple walkers increases the dimensionality of QWs [5, 23] .
An additional physical dimension in the network can, in principle, entail the degrees of freedom offered by two walkers on a 1D-network [22, 24, 25] . Moreover, the additional physical dimension enables network configurations (directly mapping to graph structures) that are not otherwise available, allowing for example a selective degree of connectivity for different single sites (vertices) in the structure and asymmetries in the network. Many interesting problems, such as energy transport in biological systems [4, 26] , graph theory problems [27] and quantum search algorithms [28] , require two-dimensional (2D) graphs, with a high degree of connectivity, where vertices are connected to multiple edges.
A promising route towards the realisation of networks with topologies beyond 1D, nearest-neighbour coupled geometries is the direct laser inscription of waveguides in transparent substrates. This technique allows the fabrication of complex 2D networks on a single optical chip (with the third dimension representing time). It overcomes the limitations of established lithographic methods and allows implementation of intricate topologies in an integrated fashion. The quantum behaviour of single photons in simple planar arrangements of laser written waveguides, such as directional couplers, has been demonstrated with high visibility [29] . The additional dimension allowed by the direct laser write technique has also been employed to compensate for polarization dependent coupling [30] and altering the boundary conditions of 1D QWs [31] . In this work we implement QWs of two indistinguishable photons in a 2D waveguide lattice with sites that have a high degree of connectivity. This lattice was fabricated in fused silica with the direct laser write technique [32] . We observe correlations that strongly violate the limit for classical light propagating in the network, illustrating high-visibility quantum interference at the single photon level.
The Hamiltonian for a system of N evanescently coupled waveguides is given by [20] :
and is equivalent to the adjacency matrix of the graph representing the waveguide structure, where a
is the bosonic annihilation (creation) operator for a photon in waveguide q, β q is the propagation constant (on site potential) of guide q and C q,r is the coupling strength (hopping amplitude) between waveguides q and r. For an array of uniform waveguides, β q is constant and the coupling strength between two waveguides depends solely on their distance. Note that in general each waveguide can be coupled to several other waveguides, enabling the fabrication of structures that directly map to graphs with a high degree of connectivity, with different coupling strengths for nearest and non-nearest neighbouring waveguides. From the Hamiltonian one obtains a unitary operatorÛ (z) = exp(−iĤz) which governs the evolution of the creation operators a † q (z) = N q=1 U q ,q a † q (z = 0) along the longitudinal coordinate z, with z directly translating to the time parameter t.
For two indistinguishable input photons in waveguides q and r, the probability of detecting one photon in output waveguide q , coincident with the other photon in waveguide r is given by the correlation function [33] :
In contrast, for the case of distinguishable photons no interference occurs and the probability is given by [33] :
A sufficient criterion for non-classical behaviour is violation of inequality [5, 19] :
with Γ cl here referring to intensity correlations between classical light beams. This inequality imposes a limit
Graph structure simulated with a two-photon input state in the 'swiss cross' structure shown in Fig. 1(a) . Each vertex represents a two photon state with different degrees of connectivity (up to degree 8). The on site potential for red and green vertices is β and 2β respectively, while the hopping amplitude is √ 2C for green edges in the graph and C for red edges. The two blue vertices are the two different two-photon input states in the experiment (X1-X4 and X1-Y1).
to the magnitude of the on-diagonal terms in the correlation matrix (representing the presence of both photons in the same waveguide) in comparison to the associated offdiagonal elements (photons detected in different waveguides). Its violation in the quantum regime is a sign of photon-bunching.
The waveguides of the QW network in this work are labelled as in Fig. 1(a) , where waveguides that have first order coupling in the horizontal plane are denoted with a prefix X, those with first order coupling in the vertical plane with Y . The central waveguide has first order coupling in both the horizontal and vertical plane and is labelled as C. For a single particle walk the size of the Hilbert space coincides with the size of the physical network structure. For a two-particle input, the Hilbert space grows exponentially. This two-particle configuration space can be interpreted as the Hilbert space of a single-particle QW on a more complex graph with a probability distribution equalling the original two-particle correlation function. The on site potentials and hopping amplitudes in this simulated single particle graph can be deduced from considering the Heisenberg equation of motion d dzÂ (z) = [Ĥ,Â] for the single particle inputÂ = a † q and the two particle inputÂ = a † q a † r as described in Ref. [5] . The single-particle graph structure corresponding to two-particles on the 'swiss cross' structure is shown in Fig. 2 .
The waveguides were inscribed in a 10 cm long glass sample, with parameters as reported in Ref. [32] . The waveguide separation in the actual lattice (length 1.4 cm) was 18 µm in the X-plane and 19 µm in the Y-plane, ensuring even coupling strengths of C (1) ≈ 1.5 cm −1 at the wavelength of 808 nm in both directions. Our waveguide circuits were measured in a typical two-photon setup as described in Ref. [34] . The polarization degenerate photon pairs at a wavelength of 808 nm were generated by means of type-I spontaneous parametric downconversion. To allow for commercially available planar fibre arrays to be used for photon injection/collection, we designed interface sections where the individual waveguides are seamlessly rearranged between the 1D and 2D geometries. The structure (see Fig. 1(b) ) harnesses the writing technique's 3D degrees of freedom to avoid crossings between the individual waveguides and to minimize their respective curvatures. The bending losses in the final device were measured and their uneven distribution was taken into account for the subsequent theoretical analysis.
We measured correlation matrices for two different input states, one corresponding to injection of the twin photons in waveguides located on the same plane (waveguides X1 and X4) and also in waveguides located in orthogonal planes (X1 and Y1). By varying the relative temporal delay between the two input photons, their degree of indistinguishability was tuned. Thereby, their correlation can be adjusted continuously between the extremes of Eqns. (2) and (3). The non-classical nature of the correlations measured can be quantified by the violations of inequality (4) .
In the correlation matrices summarised in For the theory matrices the propagation and coupling constants were deduced from classical light measurements via numerical optimisation and the input coupling efficiencies of single waveguides were deduced from single photon measurements via numerical optimisation. Exhibiting similarities of 93.97% (injection in the same plane) and 81.7% (orthogonal planes) with respect to the simulations, the experimental results are in good agreement with the theoretical predictions as shown in Figs. 3(c,g) . The according similarities for the correlation matrices of distinguishable photons are 98.57% (for same plane input photons) and 98.45% (for orthogonal planes).
A measure of the quality of the non-classical interference within the network can be obtained by looking at the diagonal elements of the correlation matrices, i.e., the coincidence of the two photons in the same output waveguide. These correlations are measured by using fibre-splitters after the output fibre array, thus probabilistically splitting the two photons occupying the same waveguide. The maximum visibility of the non-classical interference for these diagonal elements depends solely on the quality of the indistinguishability between the two photons inside the quantum network, irrespective of the network structure and the evolution length of the coupling region. Thus, a 100% visibility peak (in this case a doubling in the coincidental count rate after the splitter) should ideally be measured when changing from distinguishable to indistinguishable photons [33] . This is evident from Eqns. (2) and (3) for q = r , i.e. both photons detected in the same output waveguide. Fig. 4 shows one of the peaks measured with visibility V ≡ Γ − Γ /Γ = 96.8±2.5%, demonstrating the high quality of the non-classical interference in our devices.
To elucidate the impact of the particular 'swiss cross' geometry on the QW, it is instructive to investigate the correlation among the branches (left -L, right -R, up -U, down -D, as shown in Fig. 5(a) ), as obtained by summation over their constituent waveguides' individual coincidences Γ (X1,X4) q ,r . Figs. 5(b-d) show the results of this analysis. Interestingly, no violations occur between the vertical branch (U) and the center (C), as well as between the left (L) and the right (R) branch. Moreover, the single waveguide violations matrix (see Fig. 3(d) ) reveals no intra-branch violations, either. In contrast, strong violations arise across the input branches (L and R) on one side and U and C on the other side. Hence, the photons tend to occupy either the input branches or the vertical branch/center. This phenomenon is reminiscent of photon bunching observed in 1D lattices [5, 19] . At the same time, they are distributed almost independently, i.e., behave like distinguishable particles, within these two regions. This composite behaviour is a direct consequence of the non-planar geometry of the 2D network, confirming theoretical predictions [20] .
In conclusion we experimentally implemented a 2D, two-photon QW by using waveguide arrays in a 'swiss cross' geometry. We demonstrated quantum interference at the single photon level with high visibility on fully 3D integrated waveguide devices with features which cannot be observed in planar arrangements, including the combination of strong correlation and independence of the quantum walkers between and within the planes of the cross. The ability to inscribe waveguides in three dimensions enables the implementation of networks with topologies that go beyond the restriction of lithographic methods. Furthermore, QWs of multiple particles enable the simulation of graph structures which are not implementable as a physical waveguide structure. The use of entanglement to simulate different classes of particles [30, 35] as well as precise control of the dynamics and boundary conditions of the system [36] have been demonstrated on large waveguide arrays. These results and the possibility of introducing interactions between particles (e.g. measurement-induced [37] or simulating 1D interactions with 2D waveguide lattices [38] ), open ways for new, interesting experiments in the quantum regime, such as universal quantum computing [39] . 
